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a b s t r a c t 
Although sewage diversion outside of a lake’s watershed is now ordinary practice in the restoration of 
eutrophic lakes, often the observed recovery is slower than expected and the internal load from the lake 
anoxic sediments is identified as a possible reason. However, in the case of combined sewer, the quan- 
tification of the residual nutrient load discharged from sewer spillways must also be questioned. In this 
paper, the diversion efficiency of the sewer system along the east coast of Lake Iseo, a prealpine Ital- 
ian lake where eutrophication effects are still severe, is investigated. To this purpose, a representative 
part of the sewer system was modelled by PCSWMM and calibrated by using an extensive series of dis- 
charge measurements. Water quality monitoring during wet weather periods reveals that the first flush 
is common in tributary sewers, whereas it is absent along the main collector. Moreover, flow discharges 
are strongly affected by infiltration waters, which are controlled by the lake water level. The calibrated 
model, including infiltration modeling, was used to assess the annual overflow volumes and the nutri- 
ent load through a continuous 10-year simulation. Simulations were conducted both with regard to the 
current conditions and to a climate change scenario. Results show that the discharged residual load is 
at least 7 times larger than the design value, with the water infiltration contributing to 17% to the over- 
flow volume and that non-structural practices could considerably reduce the overall impact of the sewer. 
This research thus provides important insight into the potential impact of combined sewer overflows on 
lacustrine environments and addresses effective mitigation measures in similar contexts. 
© 2020 The Authors. Published by Elsevier Ltd. 





























Eutrophication has been recognized as the greatest challenge 
o the integrity of water resources since the late ‘60s of the 
ast century (e.g., Welch, 1981 ; Schindler, 1977 , 2006 , 2012 ; 
cCrackin et al., 2017 ), affecting both inland freshwaters and 
oastal marine ecosystems. Owing to their long renewal time and 
uitability to human settlings and activities, lakes are particularly 
ensitive to this phenomenon. Worldwide, most lakes have shown 
n increase in their trophic level, often with a strong impairment 
f their ecological services (e.g., Jenny et al., 2020 ). According to 
he Joint International Lake Environment Committee / United Na- 
ions Environment Program project “Survey of the State of World 
akes”, all 217 major lakes included in the survey demonstrated ∗ Corresponding author. 





043-1354/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article uo be affected by eutrophication (e.g., Matsui et al., 1995 ). Due to 
heir role in phytoplankton growth, phosphorus (P) and nitrogen 
N) along with their stoichiometry, are considered to be the cru- 
ial nutrients that control the eutrophication development (e.g., 
chindler, 2006 , 2012 ), therefore, costly actions to reduce their 
oads have been extensively undertaken. 
Urban sewage is widely acknowledged as a relevant nutrient 
ource and a leading cause of generalized environmental degra- 
ation ( Walsh et al., 2005 ). Even in the presence of agricultural 
on-point sources, due to the imperviousness of urban areas, 
he relative contribution of the urban pollution load to the to- 
al load largely exceeds the ratio between the urbanized catch- 
ent area and the total catchment area. For instance, Meals and 
udd (1998) estimated for Lake Champlain that urban sewage 
ontributes to 18% of the phosphorous load, while the urban- 
zed catchment area is only about 3% of the total catchment 
xtension. nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 






























































































































In historical settlements around European lakes, the urban 
rainage network is frequently made up of combined sewer sys- 
ems (CSSs), draining relatively small tributary sub-catchments 
 Marsalek, 2003 ). Such CSSs are interconnected by a diversion 
ipe, herein referred to as a main collector, placed along the lake 
horeline and featuring a large conveyance capacity. This pipe in- 
ercepts sewage from tributary sub-catchments, which otherwise 
ould directly enter the lake, and delivers it to an end-of-pipe 
astewater treatment plant (WWTP). Treated waters are finally 
ischarged, when possible, outside of the lake watershed. How- 
ver, during wet weather periods, the untreated mixture of storm 
aters and waste waters, exceeding either the CSS conveyance ca- 
acity or the WWTP processing capacity, is discharged into the 
ake waters as combined sewer overflows (CSOs) by means of 
pillways. 
The presence of spillways, along the main diversion pipe and 
pstream of the tributary CSS connections, is justified by technical 
nd economic reasons. Nevertheless, urban storm waters are well- 
nown pollutant drivers ( Novotny and Goodrich-Mahoney, 1978 ; 
arsalek and Chocat, 2002 ; Tang et al., 2005 ; Kaushal et al., 2011 ),
hich wash the atmosphere, the impermeable surfaces, and the 
rainage pipes thus mobilizing sediments that settled during dry 
eather periods. Therefore, during wet weather periods, CSOs may 
eliver large amounts of pollutants in addition to those delivered 
y waste waters (e.g., Bryan Ellis and Yu, 1995 ; Chebbo et al., 2001 ;
im et al., 2007 ) and their cumulative impact cannot be disre- 
arded ( Tibbetts, 20 05 ; USEPA, 20 09 ), especially when the receiv-
ng surface waters are characterized by long renewal times. When 
he final recipient is a lake, characterised by integrative mecha- 
isms, the total discharged load is of major concern. Indeed, typical 
ater renewal times for lakes lie in the order of years (with re- 
pect to days for rivers) and this is particularly true in deep lakes 
e.g., Pilotti et al., 2014 ). 
Further, when a CSS is partially or totally submerged by the 
ater table, its hydraulic load can be affected by infiltration wa- 
ers. Especially when the CSS is old, infiltration waters through 
racked pipes, leaky joints and poor manhole connections, may 
verload the conduits and diminish the actual conveyance capac- 
ty, increasing the CSOs number and volume with respect to the 
esign assumption. Kidmose et al. (2015) have shown that in the 
ity of Silkeborg, Western Denmark, one fourth of water input to 
he storm water runoff systems comes from groundwater sources. 
his improper discharge ( Karpf and Krebs, 2011 ; Xu et al., 2014 )
s particularly relevant in lacustrine environments, where pipes are 
sually located along the lake shoreline and the water table is con- 
rolled by the lake level. 
Usually, the contribution of infiltration waters to the CSS dis- 
harge is disregarded in spillway design, and storm waters are 
upposed to dilute waste water pollutants. Owing to the system- 
tic use of these assumptions, the environmental impact of CSOs 
n lakes has often been underestimated. Moreover, CSOs con- 
ribute to mosquito growth, increase the risk of insect-borne dis- 
ase transmission ( Lund et al., 2014 ), cause closures of areas suit- 
ble for swimming, as a result of elevated Escherichia coli levels 
 McLellan et al., 2007 ; Sebastiá-Frasquet et al., 2013 ), affect the 
menity of wetlands and cause the reduction of dissolved oxygen 
 Camargo and Alonso, 2006 ; Smil, 2000 ; Paul and Meyer, 2001 ).
ver the long term, they also lead to a dramatic change in aquatic 
ommunity composition ( Lund et al., 2014 ). 
Thus, structural and management practices aimed at decreas- 
ng CSOs are now considered to be unavoidable in lake restora- 
ion strategies ( Huang et al., 2007 ; Watson et al., 2016 ), with huge
osts to remove nutrients from point sources and implement re- 
ated policies (e.g., Pretty et al., 2003 ). These costs are however far 
ower than the overall externalities of an uncontrolled eutrophica- 
ion. 2 Indeed, the effort s to decrease nutrient loads are now leading to 
etter water quality in many lakes in the world, such as Lake Mag- 
iore ( Morabito and Manca, 2014 ), Lake Constance, ( Müller, 1997 ), 
ake Geneva ( Rapin and Gerdeaux, 2013 ), Lakes Vättern in Sweden 
 Wilander and Persson, 2001 ) and the Great Lakes in North Amer- 
ca. There, expensive structural works have been implemented to 
itigate the effect of CSOs, such as the storage system in Mil- 
aukee (four deep tunnels 90 m deep under the ground surface, 
ith a total length of 31.2 km and a total capacity of 1.53 10 6 
 
3 , Razak and Christensen, 2001 ), and the Tunnel and Reservoir 
lan in the metropolitan Chicago area (e.g., Farnan et al., 2004 ). 
onsidering a subset of 200 lakes originally included in a 1972- 
976 National Eutrophication Survey, the U.S. Environmental Pro- 
ection Agency (USEPA), 2009 concluded that 50% of the lakes ex- 
ibited an improvement in phosphorus concentration with respect 
o the 1972 survey. A holistic approach, relying both on measure- 
ents and modelling (maybe hybrid, i.e. mixing deterministic and 
tochastic models, as suggested by Obropta and Kardos, 2007 ), and 
nvestigating the functional relation between a lake and the sur- 
ounding sewer ( Marsalek and Chocat, 2002 ; Moore et al., 2003 ), 
s fundamental to provide reliable estimates of the loads deliv- 
red by CSOs and of the actual effectiveness of the structural prac- 
ices that must be adopted to improve water quality ( Liu et al., 
014 ; Dai et al., 2016 ; Bravo et al., 2017 ; Chen et al., 2018 ). Fol-
owing this approach, the main objective of this paper is to pro- 
ide a comprehensive evaluation of the overall efficiency of the 
SS along the eastern Lake Iseo shoreline, by combining the re- 
ults of a monitoring campaign and of hydraulic modelling. The as- 
essment of critical issues affecting the CSS is considered to be an 
navoidable step before planning a long-term mitigation strategy 
o diminish CSO impacts on Lake Iseo. Lake Iseo, the fifth Italian 
ake in terms of volume, is an originally oligothropic ( Bonomi and 
erletti, 1967 ) deep subalpine lake that has undergone a progres- 
ive quality degradation. Following a path common to several oth- 
rs lakes, over the last 50 years the strong nutrient load to the 
ake, originating from a large urbanized mountain catchment, and 
he growing density stratification reinforced by climate change 
 Valerio et al., 2015 ), has caused anoxia between 100 and 256 m 
epth. In this lake, after the construction of a main collector along 
he shoreline in 20 0 0, the actual residual P load of CSOs has not
een monitored. In order to evaluate the role of CSOs and the ac- 
ual amount of nutrient loads discharged into the lake, two com- 
ined sewer weirs (CSWs) were monitored, one at the outlet of 
 tributary (or “municipal”) sub-catchment and the other at the 
utlet of the main diversion pipe, immediately upstream of the 
WTP. At these sites, an extensive real-time monitoring campaign 
rovided time series of the flow discharges and sewage samples 
uring CSOs. The measured information on the CSOs frequency and 
n the amount of discharged Total Phosphorous (TP) and Total Ni- 
rogen (TN), also documented the different dynamics of the first 
ush phenomena at the two sites. 
In order to understand the hydrologic and hydraulic behav- 
or of the network and to extrapolate the measured informa- 
ion to a longer 10 year period, for which a locally measured 
ainfall time series is available, a hydraulic model was imple- 
ented and calibrated by using the commercial software PC- 
WMM (https://www.pcswmm.com/), that implements the well- 
nown EPA SWMM5 capabilities within a user-friendly interface. 
he most important outcome of this computation was the statisti- 
al quantification of the residual nutrient loads discharged into the 
ake from the overall set of CSWs present in the modeled network. 
urthermore, the observed rainfall time series was modified in or- 
er to account for a potential climate change scenario, developed 
ccording to expected climatic projections for this region. Thus, the 
alibrated model provided additional insight into the expected fu- 
ure variation of the CSOs volumes and nutrient loads. 
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Fig. 1. a) Location of the study area in northern Italy and b) Lake Iseo within its watershed: I1 (Oglio), I2 (Canale industriale) and I3 (Borlezza) are the main tributaries and 







































The results of these detailed monitorings and modeling activi- 
ies provided a clear view of the overall dynamics of the CSS and 
f the role played by the infiltration waters and led to propose an 
ffective set of structural and non-structural practices to mitigate 
he environmental impact on the lake. 
. Methods 
In this section the studied area is presented, along with the ex- 
erimental campaign and modeling methods. 
.1. Description of the study area 
Lake Iseo is a 256 m deep prealpine lake with a volume of 
bout 7.9 10 9 m 3 . It drains a 1807 km 2 mountain watershed (see 
ig. 1 ) with a pollution load of about 1.9 10 5 population equiva- 
ent, characterized by 22% agricultural and 2% residential land use. 
he lake and the surrounding area are an important economic and 
ouristic resource of northern Italy, to the point that in 2016 it was 
he location of a renowned artistic en-plain air performance, The 
loating Piers , by the American artist Christo, where temporary or- 
nge walkways were set directly on the surface of the lake, which 
rew 1.2 million visitors (see Fig. 2 ). 3 In addition to the lake area (61 km ²), the lake watershed is 
ostly made up of two large valleys (Valle Camonica, 1440 km ²
nd Valle Borlezza, 131 km ², W1 and W2 in Fig. 1 ), and by a set of
maller watersheds that surround the lake (W3 in Fig. 1 , 176 km ²).
ccordingly, the lake area is only 3.4% of the drained area. Accord- 
ng to the first limnological survey by Bonomi and Gerletti (1967) , 
he lake was originally oligotrophic and well oxygenated even on 
he bottom. However, during the second half of the 20th century 
he lake underwent a dramatic water quality deterioration (e.g., 
aribaldi et al., 1999 ). On the basis of our 2018 field measure- 
ents, water under 100 m (41% of the lake’s volume) is anoxic 
ith 102 μg/L of average total phosphorous. Moreover, the nutri- 
nt loads to the lake from the large drained watershed have con- 
ributed to a chemical stratification that hinders the mixing of the 
ake and makes the water renewal time longer with respect to its 
heoretical value. Recent studies prospect an increase in the ther- 
al stratification in a climate-change scenario ( Pilotti et al., 2014 ; 
alerio et al., 2015 ). 
The water level of Lake Iseo is regulated by a dam in Sar- 
ico (point O in Fig. 1 ) and can vary between + 110 cm and -
0 cm with respect to the average value of 185.15 m above sea 
evel, storing a volume of about 85 million cubic meters, mostly 
or agricultural purposes in the wide watershed downstream of the 
am. 
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.2. Description of the combined sewer around the lake 
Both Valle Camonica (catchment W1 in Fig. 1 ) and Valle Bor- 
ezza (W2) have their own sewer systems and their waste waters 
rain into the most important lake tributaries (Oglio River, Canale 
ndustriale and Borlezza River, see points I1, I2 and I3 in Fig. 1 ).
uch systems will not be considered in this paper, since we fo- 
used our attention on the contribution from watershed W3, that 
s directly drained by the lake. The sewer system around Lake Iseo 
catchment W3) is composed of two main sewers: the first sewer 
s along the western side of the lake (“Bergamo sewer”, or BGS 
n the following), whose waste waters flow partly to a WWTP in 
osta Volpino (WWTP2 in Fig. 3 ) and partly to a second WWTP in
aratico (WWTP1 in Fig. 3 ). The second sewer is placed along the 
astern side of the lake (“Brescia sewer” or BSS in the following), 
hose waste waters flow to WWTP1 only. 
The overall relevance and performance of the two sewers are 
omparable (about 36,0 0 0 population equivalent each), where both 
he east and the west coasts are characterized by similar mor- 
hologies and settlements. Thus, in the following, we will consider 
he Brescia sewer only, due to lack of data regarding the western 
ewer, and the conclusions obtained in the simulation of the BSS 
ill be extended to the BGS. 
The BSS is made up of a main collector with an overall length 
f 23 km (black solid line in Fig. 4 ) in which 9 tributary (or “mu-
icipal”) sewers converge (grey solid lines in Fig. 4 ), for a total 
ength of 257 km, mostly built with circular pipes with a diame- 
er between 250 mm and 1600 mm. The main collector follows the 
ake shoreline and is made of polyethylene, reinforced concrete and 
pheroidal cast iron. Due to the small available topographic slopes, 
2 pumping stations are present (green dots in Fig. 3 ) so that 17%
f the conduits length is made up of pressurized delivery pipes 
nd the remaining 83% is made up of free surface closed conduits 
ith a slope between 0.1% to 1.5%. The main collector longitudinal 
rofile is shown in Fig. 5 . 
All the 9 tributary CSSs converge into the main collector: for 
nstance, the tributary CSS of the main lake island (Monte Isola) 4 nderpasses the lake and enters the pumping station S8. Actu- 
lly, there are 51 junctions between the 9 tributary sewers and the 
ain collector and 23 are characterized by the presence of a CSW 
see red and pink arrows in Fig. 3 ), that during wet weather dis- 
harges the mixed sewage excess into the stream network drained 
y Lake Iseo. In addition, all the pumping stations except for S2 are 
rovided with spill-over conduits, that are operated during mainte- 
ance or during very intense storms: these conduits discharge the 
SO into the lake at a depth between 20 and 40 m. Finally, two 
SWs are located along the main collector (see Fig. 3 ). 
In the vicinity of the terminal pumping station (S1 in Fig. 3 ) 
he wastewater from BGS and BSS converge in a tank and the over- 
ll wastewater is pumped to the WWTP1 through two pressurized 
elivery pipes. Under the current operative rule, during intense 
torms the outlet of BSS in the tank is under pressure. Accordingly, 
n this circumstance the hydraulic behavior of the final part of BSS 
s influenced by the backwater caused by the tank water level, thus 
riggering the activation of the CSW in Paratico ( Fig. 4 ) also for dis-
harges lower than the design threshold. 
The settlements drained by BSS amount to 12.8 km 2 , but 31% of 
he area is drained by separated sewers, and the actual area that 
enerates runoff is equal to 8.9 km 2 . The overall impervious area 
rained by the BSS was computed by a suitable post-processing 
 Barone et al., 2019 ) of a recent Sentinel 2 satellite image obtained
rom Copernicus (https://scihub.copernicus.eu/dhus/#/home), with 
0 m spatial resolution (see Fig. 6 ). The land use classifica- 
ion was based on the elaboration of a multi-spectral image 
n order to divide the watershed in land cover classes (wa- 
er, built-up, vegetation and bare soil). The Sentinel 2 image in- 
ludes the following bands: blue, green, red, near-infrared, short 
avelength infrared 1 and short wavelength infrared 2. A land 
se class is assigned to each pixel based on the color band it 
elongs to. 
The analysis was performed through the use of an open 
ource QGIS plugin (Semi-Automatic Classification Plugin, SCP) 
hat provides a set of intertwined tools for faster process- 
ng in order to create an automatic workflow to obtain 
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Fig. 3. Details of the BSS (black solid line) and BGS (red solid line) main collectors with the location of the pumping stations, overflow weirs and wastewater treatment 























and cover classification (see also https://readthedocs.org/projects/ 
emiautomaticclassificationmanual/downloads/pdf/latest/ ). 
The minimum surface that can be detected (100 m 2 ) can hin- 
er the classification in pixels with a mixture of covers (soil, 
egetation, …). However, this issue is counterbalanced by the 
arge extension that can be easily mapped. Accordingly, in or- 
er to test the quality of the accomplished classification and to 
heck that impervious areas were not erroneously classified (e.g., 
ena-Regueiro et al., 2020 ), a visual validation was made for the 
rovaglio village using a box-counting approach on a high spa- 
ial resolution image of two typical neighborhoods with high and 
edium density built areas. The comparison with the visually 
ecognised land use shows that the algorithm provides an excellent 5 lassification of the percentage of built areas in the high-density 
eighborhood (e.g., 86% versus counted 89% in the area A of Fig. 6 )
nd, due to the typical dimension of house gardens and streets in 
he medium density neighborhood, tends to group them together 
s bare soils with a slight overestimation (e.g., 78% versus counted 
1% in the area B of Fig. 6 ). Eventually, the overall computed im- 
ervious area was 3.0 km 2 , i.e., 34% of the overall generating runoff
rea. 
.3. Detection of infiltrating waters along the combined sewer 
By controlling the groundwater level along the shoreline, the 
ariation of the lake water level over the year has important impli- 
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Fig. 4. Main collector (black solid line), tributary networks (grey lines), monitored CSWs: Corte Franca CSW (pink dot), Provaglio d’Iseo CSW (brown dot) and Paratico CSW 




























ations on the functioning of the BSS. As shown in Fig. 5 , a grow-
ng length of the main collector is under the elevation of the lake 
aters when the lake level increases. The percentage of the main 
ewage length below the lake water elevation varies linearly be- 
ween 12% (minimum lake level) and 34% (maximum lake level). 
ue to the presence of leakage in the pipes, the higher the water 
evel, the greater the groundwater infiltration within the sewer is. 
otentially, also a moderate exfiltration into the groundwater could 
e expected when the lake level is very low, likely contributing to 
he contamination of the urban aquatic environment, but it will 
ot be considered in the following. 
The infiltration of groundwater into the BSS is clearly evident in 
he average daily flow discharges measured at the outlet in 2016, 
hown in Fig. 7 along with the lake level. As one can observe, there
s a strong correlation between the two series: when the lake level 6 rows higher than 50 cm (with respect to the conventional ref- 
rence level) for a sufficiently long period of time, the baseflow 
ollows a similar increase. 
In turn, the groundwater infiltration in the sewer conduits 
auses discharges exceeding the design value of the pipes, with 
verflows from CSW also in dry weather periods, and a decrease 
n the sewage concentrations, with consequent issues in the func- 
ioning of the WWTPs. Accordingly, the identification of the actual 
tretches where leakage occurs is of paramount importance but is 
ot an easy task in such a long network. 
Different approaches can be used to assess the infiltration con- 
ribution to the flow discharge, namely the night minima observa- 
ion, the flow volume balance ( Staufer et al., 2012 ) and the isotope
ass balance ( Houhou et al., 2010 ). In this work, we adopted the 
econd approach. By measuring the discharge at the end points of 
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Fig. 5. Schematic view of the profile of the BSS main sewer; the dashed lines show the variation range of the lake level during the year and the encircled symbols are the 
pumping stations. 
Fig. 6. On the left, land use classification by analysis of Sentinel 2 satellite images (resolution 10 m). Inset A and B show a comparison between the automatically classified 


































 stretch during dry periods, when the storm water component is 
bsent, and by knowing what discharges should enter the stretch 
long its extension (proportional to the drained population equiv- 
lent), one can compute the difference that can be reckoned as 
roundwater/lake infiltrations. From a practical point of view, since 
 flowmeter was not available within the sewer system until 2016, 
he task was carried out by analysing the sewage volume deliv- 
red at the pumping stations, in correspondence of different lake 
evels. In 2016 a flowmeter was installed immediately upstream of 
he terminal pumping station S1, confirming the value of the com- 
uted total infiltration for different stages of the lake. The analysis 
f the data until 2016 provides an experimental curve (see Fig. 8 ) 
f the overall infiltration as a function of the lake level. Quite in- 
erestingly, these data can be well approximated by a conceptual 






0 . 5 dx Y lake > Y conduit 
0 Y lake ≤ Y conduit 
(1) 
here p is the local perimeter of the conduit exposed to infiltra- 
ions, L is its length, C is a constant and Y is the difference be-7 ween the elevation of the lake ( Y lake ) and the local elevation of 
he invert of the conduit ( Y conduit ). If one regards the C coefficient 
s in Eq. (2) : 
 = 
√ 
2 g · k (2) 
hen an equivalent sewer porosity k could be introduced as a di- 
ensionless measure of the relevance of the infiltration process in 
 sewer. 
.4. Available data and field measurements 
All the geometrical and hydraulic information on the main 
ewer system (planimetric and altimetric layout of the network, 
engths, diameters, materials, slopes, location and types of spill- 
ays) were provided by the drainage network manager (Acque 
resciane). The pumping stations were characterized by their ge- 
metry, the operative rules and the characteristic curves of the 
umps. 
Table 1 shows the temporal availability of the measured time 
eries. The lake level and the rainfall series with a time step of 10 
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Fig. 7. a) Hourly rainfall depths observed at Sarnico raingauge by ARPA Lombardia, b) daily Lake Iseo levels and c) comparison between measured and modelled average 
daily flow discharges at the pipe outlet for the year 2016. 
Fig. 8. Comparison between infiltration discharges Q obtained by the operation times of pumping stations (red triangles) and by the proposed infiltration model (blue solid 































inutes for the Sarnico raingauge were available for a 10 year pe- 
iod (source: ARPA Lombardia). With regard to the discharges, the 
nes pumped by the eight pumping stations were available for a 7 
onth-long period in the first half of 2015. At the end of the col- 
ector, two data sets were available: the discharge that has entered 
WT1 since 2015, obtained by the operation time of the pumps 
t the pumping station S1 in Paratico, and the one measured since 
ugust 2015 by Acque Bresciane at the final station of the main 
ollector, using an area-velocity flowmeter (Nivus PCM 4) with an 
rror < 0.5% of measurement + 5 mm/s when v < 1 m/s and < 1%
f measurement when v > 1 m/s. 
Accordingly, the overall discharge of the main collector is avail- 
ble from 2015 with a time step of 5 min and was used, along
ith the rainfall, for the model calibration. The discharge en- 
ering from the BGS main collector was computed as a differ- 
nce between flow discharges measured in correspondence of 8 WTP1 and the flow measured at the outlet of the BSS main 
ollector. 
In order to study the frequency and the quality characteristics 
f the COSs from the CSWs existing in the whole network, we 
onitored two different CSWs: the first, representative of over- 
ows from the tributary sewers, is located upstream of the junc- 
ion of the Corte Franca sewer with the main collector (see CF CSW 
n Fig. 4 ). The second, representative of overflows from the main 
ollector, is located at Paratico (see PAR CSW in Fig. 4 ). Indeed, one
an expect differences in the quality of the two overflows since the 
ain collector is characterized by a longer residence time, stronger 
ixing and dilution with infiltrating waters. In both cases the flow 
ischarge was measured and sewage samples collected automati- 
ally with a portable sampler during CSO occurrences. The exten- 
ive monitoring campaign at the CF CSW is described in detail in 
arone et al. (2019) . On the other hand, the quality of the water 
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Table 1 
Available time series of measured data and corresponding periods ( ∗ first half-year, + second half-year). 
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 
Time of operation of pumping stations X ∗
Lake Iseo levels X X X X X X X X X X X X ∗
Rainfall series (Sarnico station) X X X X X X X X X X X X ∗
Discharge in PS1 from BS main sewer system X + X X X ∗
Flow entering the WWTP from BS and BG X X X X ∗
Overflow discharge series in PAR CSW X + X ∗
Overflow discharge series in CF CSW X + X ∗
Overflow discharge series in PR CSW X + X ∗
Table 2 
Dates of monitored CSO events of PAR CSW, parameters analysed in laboratory and number of samples for each event; main characteristics of the rainfall events triggering 
the monitored CSOs and corresponding quality parameters: antecedent dry weather period a , wet weather duration d , rainfall depth h , maximum rainfall intensity i max , 
event mean concentration EMC and exponent b of the DCL curves for TN and TP, and summary statistics of quality parameters. 
Event 
Event start date Event end date 
Samples nr 
Parameters analysed a d h i max EMC (mg/L) b 
dd/mm/yyyy hh:mm dd/mm/yyyy hh:mm TN TP COD BOD 5 TSS (h) (h) (mm) (mm/h) TN TP TN TP 
1 04/04/2018 00:00 04/04/2018 06:50 5 x x x 375.5 4.8 7.6 2.4 29.5 4.1 1.00 0.99 
2 10/04/2018 00:10 10/04/2018 03:10 9 x x x 121.3 1.5 7.8 13.2 27.4 5.1 0.90 0.92 
3 11/04/2018 20:10 12/04/2018 12:00 18 x x 23.2 6.2 13.6 10.8 8.7 1.2 0.70 0.72 
4 30/04/2018 00:00 30/04/2018 05:50 16 x x 397.0 2.3 5.4 4.8 22.5 3.8 0.86 0.85 
5 09/05/2018 17:30 09/05/2018 23:30 19 x x 15.3 1.8 6.2 12.0 16.0 1.9 0.85 0.94 
6 16/05/2018 21:40 17/05/2018 04:20 18 x x 45.0 4.5 9.0 4.8 17.0 2.2 0.98 1.04 
7 23/05/2018 17:40 23/05/2018 22:40 6 x x 157.5 0.7 7.6 27.6 22.6 3.3 1.15 1.27 
8 04/06/2018 07:30 04/06/2018 23:20 6 x x x x x 138.7 2.8 29.6 50.4 10.8 1.5 0.78 0.78 
9 12/06/2018 09:00 12/06/2018 11:50 5 x x x x x 56.3 0.7 1.6 6.0 9.7 1.4 1.03 1.09 
10 03/07/2018 21:30 04/07/2018 00:40 5 x x x x 369.3 3.0 7.2 6.0 30.9 5.0 0.88 0.94 
Mean 19.5 3.0 0.91 0.96 
Minimum 8.7 1.2 0.70 0.72 
Maximum 30.9 5.1 1.15 1.27 





























































verflowing from the CSW along the main collector is crucial, be- 
ause at each pumping station, an overflow pipe exists that during 
ntense storms discharges waters directly into the lake under the 
hermocline. Accordingly, the monitoring of PAR CSW is represen- 
ative of this second category of CSOs. From May 2017 at the PAR 
SW a level sensor LT-US Lacroix Sofrel was installed (accuracy 
ithin the maximum between 6 mm and 0.25% of the measured 
ange) by which the discharged flow series was computed. 
In April 2018 we also installed an automatic sampler ISCO 3700 
quipped with 24 ½-liter bottles, to collect CSO samples. The sam- 
ling interval was set equal to 10 minutes and the sampler was 
et up to collect two samples of 250 mL in each bottle, in order 
o characterize the overflowing sewage during 8-hour long events. 
ithin a few hours after collection, the samples were transported 
sing a portable refrigerator to the laboratory to quantify TP and 
N concentrations. Overall, a total of 10 CSO events and 107 sam- 
les were analyzed. Unfiltered water samples were analyzed for TP 
nd TN concentrations with standard spectrophotometric (Perkin 
lmer, Lambda 35) methods as soluble reactive phosphorus and 
itrate after alkaline peroxydisulfate oxidation ( Valderrama, 1981 ). 
n some cases, the laboratory also carried out analysis of Chemical 
xygen Demand (COD, 5 events, APHA, 2012 ), Biochemical Oxygen 
emand at 5 days (BOD5, 3 events, UNI EN 1899-1 2001) and To- 
al Suspended Solids TSS (2 events, APAT CNR IRSA 2090 B Man 
003). Considering that only accurate analytical results allow valid 
onclusions to be drawn, in Appendix 1 further information is pro- 
ided regarding the quality assurance and quality control followed 
n the measurement of chemical data. 
The dates of CSO events when the stormwater runoff samples 
ere collected are summarized in Table 2 , along with the param- 
ters analyzed in laboratory and the numbers of samples for each 
vent. During these events, the CSO discharge was measured, as ell. t
9 .5. Hydraulic-hydrological model 
The combined sewer was modeled using the Storm Water Man- 
gement Model (SWMM) developed by the United States Environ- 
ental Protection Agency, operating within the PCSWMM environ- 
ent. This software computes both surface runoff and flow in con- 
uits, using hydrological, hydraulics and geometrical characteristics 
f the watershed and the sewer network (e.g., Gironás et al., 2010 ; 
ossman, 2015 ). Although SWMM allows researchers to study wa- 
er quality, we limited our use to the reproduction of the sewer 
ydraulics. 
Due to the complexity of the overall system and to the lack of 
dequate geometrical information on the whole set of the tributary 
ewers, we developed the hydraulic models of the main collec- 
or and of two tributary sewer systems only, namely Corte Franca 
nd Provaglio d’Iseo ( Fig. 4 ). Such tributary drainage systems were 
onitored at their outlet sections, immediately upstream of the 
onfluence in the main sewer, by using a calibrated stage-discharge 
urve and level meter. Their calibration during wet-weather peri- 
ds ( Barone et al., 2019 ) provided the hydrological parameters of 
he corresponding watersheds, that were used for the lumped hy- 
rological modelling of the other 7 similar tributary sewer systems. 
onsidering that during intense storms, likely yielding CSOs, the 
ecrease in the soil infiltration capacity in urban areas is negligi- 
le, a simple infiltration model featuring a constant infiltration rate 
 P (mm/h) was used. In the totally impervious urban area f P was 
et at 0 mm/h, whereas in the remaining pervious area it was set 
t 3 mm/h. The rainfall time series used as the model input was 
rovided by the regional meteorological monitoring agency ARPA 
ombardia for the rain gauge located in Sarnico (see Fig. 4 ). In this
eries, the rainfall depths were recorded every 10 minutes, a time 
tep that can be considered sufficiently short with respect to the 
ributary sewer network response times. The computed discharges 



















































































































elivered by the tributary sewers were used as external inflow dis- 
harges in the junction nodes of the main collector. 
In addition to the geometrical characteristics of pipes and man- 
oles, the functioning of the pumping stations placed along the 
ain sewer was modeled in detail, by implementing the geome- 
ry of the storage tanks, the characteristic curves of the pumps, the 
eometrical data of the delivery pipes and the startup and shutoff
epths of the pumps. The hydraulic characteristics of the different 
SWs were also implemented in the model. 
The dry weather loads were calculated by multiplying the daily 
er capita water supply (estimated in 250 ∗0.8 = 200 L/(p.e.d), ac- 
ording to the data supplied by the company managing the trib- 
tary drinking water plants) by the population equivalent in the 
rea of interest. This load was incremented considering the touris- 
ic seasonal loads (data provided by the national statistics institute 
STAT), so that a monthly time pattern was obtained for the dry 
eather flow. The hydraulic model also accounted for the infiltra- 
ion waters, computed as a function of the lake levels according to 
q. (1) . Calibration led to a value of 1.12 10 −5 for the porosity coef-
cient k in Eq. (2) . As can be seen in Fig. 8 , the agreement between
he measured and modeled infiltration water discharges is satisfac- 
ory. Fig. 8 also shows that when the lake level is at a maximum 
i.e., + 110 cm), the infiltration water contribution corresponds to 
75 L/s, that is 150% of the normal waste water flow discharge in 
ry weather periods 
Since the water depth in the S1 pumping station is influenced 
lso by the flow discharge coming from BGS, its contribution had 
o be evaluated without the possibility of modelling its hydraulic 
ehavior in detail. Therefore, during dry weather periods, we as- 
umed an overall discharge proportional to the population equiva- 
ent in the BGS drained area. Conversely, during wet weather peri- 
ds, we introduced a fictitious subcatchment whose runoff directly 
nters PS1. This subcatchment model was calibrated by using data 
rom 2016, on the basis of the difference between the overall dis- 
harge measured at the WWTP1 and at the BSS outlet. The calibra- 
ion of the BSS main collector was instead limited to the choice of 
he friction factors on the basis of the typical pipe materials. 
. Sensitivity to climate change 
Considering that the rainfall-runoff transformation is a strongly 
on-linear process, affected by the infiltration excess of rain- 
all, one can expect that an increase in the rainfall intensity, as 
 likely outcome of the ongoing climate change, could lead to 
 worsening of the environmental impact of a combined sewer 
ue to the increase in the frequency and volume of CSO events 
e.g., Nie et al., 2009 ; Fortier and Mailhot, 2015 ; Semadeni- 
avies et al., 2008 ). Considering the “business-as-usual ” emission 
cenario RCP8.5 ( IPCC, 2014 ), Sinha et al. (2017) have shown that 
limate change–induced precipitation changes alone will substan- 
ially increase (19 ± 14%) riverine total nitrogen loading within the 
ontinental United States, fostering further eutrophication. Unfor- 
unately, this scenario, referring to the worst greenhouse gasses 
mission projection, currently appears to be the most probable 
ne, with respect to the RCP4.5 “stabilization ” scenario and to the 
CP2.6 “mitigation ” scenario. 
To evaluate the consequences of this scenario on CSOs with ref- 
rence to 2100, Salerno et al. (2018) proposed an increase in the 
ainfall intensity of 20%, dealing with a case study located in this 
limatic region. Actually, in northern Italy, statistically significant 
ncreases in the yearly total amount of precipitation are not ex- 
ected. Conversely, seasonal trends should yield increases in the 
ainfall depths in summer and spring, along with decreases in win- 
er and autumn. In particular, winter storms would be affected by 
 more complex change, according to which the mean should de- 
rease and the upper percentile should increase; see, for instance, 10 alistrocchi and Grossi (2020) for a review. It is worth noticing 
hat, the temporal structure of storms in northern Italy shows a 
ignificant seasonality, so that storms featuring short durations and 
igh intensities mostly occur in late spring and in summer. Long 
rontal events with larger depths but low intensities are instead 
ore common in the other seasons. Therefore, a reasonable sce- 
ario for the study area could involve an increase in heavy storms 
nd a decrease in moderate and low intense rainfalls. In this study, 
his was accomplished by globally increasing the observed heavy 
torm events of 20% and by cutting the values under a threshold, 
alculated in order to keep the yearly cumulated rainfall constant. 
. Results and discussion 
.1. Model calibration and field data analysis 
In this section we discuss the exploitation of the extensive data 
et, collected as illustrated in the previous section, to the charac- 
erization of the quantitative and qualitative aspects of the com- 
ined sewage. 
.1.1. Results of the hydraulic-hydrological model 
Fig. 9 shows the comparison between modeled and measured 
ow discharges at the outlet of the BSS into PS1 and modeled 
nd measured overflow discharges at PAR CSW, for the period 
1/05/2017 – 04/05/2017. In consideration of the system complex- 
ty, the model reproduces the behavior of the Brescia main collec- 
or well. Fig. 10 shows additional comparison between the mod- 
led flow discharge and the computed one from BGS and from BSS 
or the period 01/01/2016 – 14/01/2016. 
The model was validated by using the Sarnico rainfall series 
uring the entire year of 2016. The graph in Fig. 10 shows the 
omparison between simulated and measured daily average flow 
ischarges coming from BSS. The satisfactory agreement between 
easured and modeled flow discharges shown in Fig. 10 is sup- 
orted by a linear correlation coefficient of R 2 = 0.90. The strong 
nfluence of the lake water levels on the sewer flow discharges in 
he period 30/04 and 29/07 is also evident. Overall, the modeled 
etwork closely reproduced the measured discharges at the main 
ollector outlet. 
.1.2. Quality data analysis of CSOs 
The two flow discharge gauges and the two portable samplers 
nstalled in CF CSW and in PAR CSW provided fundamental data 
n the quantity and concentration of nutrients discharged into the 
ake. Due to the hydrologic and land-use similarity between the 
ifferent small watersheds, the CF CSW is considered representa- 
ive of overflows from the 9 watersheds drained by tributary lines: 
he 8 month activity at CF CSW during which 18 overflows were 
ampled was carefully documented in Barone et al. (2019) . The 
ost interesting results are the presence of a moderate-weak first 
ush, whose strength is significantly correlated with the duration 
f the antecedent dry-weather period, and the occurrence of fre- 
uent CSO events but with moderate volumes; this implies that a 
mall water quality volume must be provided in order for a cap- 
ure storage tank to be effective. 
On the other hand, during the 4 month monitoring activity at 
he PAR CSW, a total of 10 events were observed, also represen- 
ative of the overflows that characterize the main sewer at the 
umping stations. The differences in the hydraulics of these two 
ystems have remarkable consequences also on the quality of the 
ischarged waters. 
The thick solid line in Fig. 11 shows the linear regressions 
etween TN concentrations and TP, BOD, COD and TSS in the 
ndividual sample bottles. The dashed line shows the same re- 
ressions as computed from the measured data at the CF CSW 
M. Pilotti, L. Barone, M. Balistrocchi et al. Water Research 190 (2021) 116727 
Fig. 9. a) Rainfall depths in Sarnico raingauge recorded at a time step of 10 minutes, b) comparison between modelled and measured flow discharges discharged from PAR 
CSW into the lake and c) entering PS1 from BSS plotted at a time step of 5 minutes. 
Fig. 10. a) Hourly rainfall depths in Sarnico station, b) comparison between modelled and measured flow discharges entering PS1 from western main collector (Bergamo 





























 Barone et al., 2019 ). As observed for the CF CSOs data, a signif-
cant linear correlation between TP and TN concentrations is ob- 
erved. The TN/TP mass ratio is consistent with the expected range 
or civil sewage and with the one obtained for CF CSW (about 5). 
his strong correlation confirms the similarities between the TN 
nd the TP transport dynamics in terms of event mean concen- 
rations. Furthermore, good correlations are obtained also for the 
ther three variables showing that, inter alia , a significant BOD re- 
oval takes place along the main sewer. 
In order to investigate the occurrence of the phenomenon of 
rst flush in CSOs from the main sewer, we decided to use the 
imensionless diagrams of the nutrient load and discharge vol- 
me (dimensionless cumulative load – DCL- curves) proposed by 
ertrand-Krajewski et al., 1998 . Since the early studies on wet 
eather discharge quality (e.g. see the review by Deletic, 1998 ), 11 he occurrence of first flush is an aspect of the pollutant de- 
ivery dynamic that continues to be debated ( Sansalone and 
ristina, 2004 ; Gnecco et al., 2005 ; Gikas and Tsihrintzis, 2012 ; 
kanayake et al., 2019 ). Its practical implications on the design of 
tructural devices devoted to the mitigation of urban stormwater 
mpacts are relevant ( Baek et al., 2015 ; Mamoon et al., 2019 ). In-
eed, issues regarding the factors affecting its occurrence are man- 
fold and still deserve to be investigated and ranked ( Francey et al., 
010 ; Frazar et al., 2019 ; Perera et al., 2019 ). 
In DCL curves, ratio ν between the cumulative and total dis- 
harge volume is reported on the x axis and ratio λ between the 
umulative pollution load and the total pollution load is reported 
n the y axis. The empirical DCL curves can suitably be fitted by 
he power function reported in Eq. (3) ( Balistrocchi et al., 2009 ; 
a et al., 2011 ), where the exponent b measures the strength of 
M. Pilotti, L. Barone, M. Balistrocchi et al. Water Research 190 (2021) 116727 
Fig. 11. Linear regressions between TP, TSS, COD, BOD concentrations and TN concentrations detected in the analyzed sample bottles for PAR CSW (orange solid lines) and 


























































he first flush. 
= νb (3) 
According to this formulation, the greater the first flush, the 
maller the value of exponent b is, while a unitary value of ex- 
onent b shows the absence of the first flush. Alternative method- 
logies have actually been proposed to assess the existence and 
he intensity of the first flush after DCL curves. For instance, 
ach et al. (2010) developed a method based on a cluster analysis 
hich involves the separation of the flow volume into slides. How- 
ver, the DCL curve approach has advantages in terms of practical 
pplicability, computational intensity and uncertainty with respect 
o arbitrary choices of the analysis parameters. 
The main characteristics of the monitored CSO events for the 
AR CSW are shown in Table 2 where the rainfall events are de- 
ineated in terms of depth, duration, maximum intensity and an- 
ecedent dry weather periods, while the pollutant dynamic is sum- 
arized by the observed event mean concentrations (EMC) of TN 
nd TP and exponent b of the power functions (3), fitted to the 
mpirical DCL curves. Statistics of these quality parameters are re- 
orted, as well. The measured DCL curves for the PAR CSW are 
hown in Fig. 12 , along with the average DCL curve. For the sake
f comparison, also the average DCL curve for CF CSW is shown in 
he same Figure. Table 2 and Fig. 12 show that the average PAR DCL
urve is characterized by a rather uniform concentration during the 
verflow ( b close to 1.0). This result is in contrast to the case of CF
SW, where a moderate first flush is present ( b close to 0.7 and
.65 for TN and TP, see also Barone et al., 2019 ). This remarkable
ifference can partly be explained by groundwater infiltration that, 
owever, due to its characteristic time, contributes in a similar way 
o the different parts of the pollutograph and in a negligible way 
n the case of low lake levels. More likely, the increased discharge 12 ue to infiltration waters prevents pollutant sedimentation during 
ry weather periods. The resuspension of dry weather sedimenta- 
ions is broadly acknowledged as a leading cause for the first flush 
ccurrence. A further explanation can be found by considering that 
F CSW drains a single tributary network, whereas the flow enter- 
ng the PAR CSW is the combination of several tributary network 
nputs distributed along the main sewer over more than 20 km. 
ributary watersheds feature different stormwater delivery times. 
herefore, in the main collector there is an overlapping of pollu- 
ographs characterized by different times to peak, decreasing the 
verall variability of the pollutant concentration. Finally, the ac- 
ion of the pumping stations certainly increases the pollutant mix- 
ng, thus contributing to a more uniform concentration during the 
vent. 
.2. Long-term continuous simulations 
The calibrated model of the main sewer network was used to 
erform a 10-year (from 2007 to 2016) continuous simulation by 
sing the Sarnico rainfall series provided by ARPA Lombardia (time 
tep: 10 minutes). Bearing in mind the eutrophication process of 
ake Iseo, the fundamental result of the 10 year simulation is the 
uantification of the volume of waters discharged into the lake 
rom the BSS during wet weather periods and the quantification 
f the corresponding pollutant load (residual load). However, there 
s a difference between the CSWs along the main collector and the 
nes at the end of the tributary sewers, because in the first case, 
ue to the absence of the nutrient first flush, the pollutant load 
an simply be considered proportional to the discharged volumes. 
Accordingly, in the following the overflows from the tributary 
SWs (e.g., the CF CSW), where a first flush is present, were clus- 
ered as Type 1 overflows. On the other hand, the overflows occur- 
M. Pilotti, L. Barone, M. Balistrocchi et al. Water Research 190 (2021) 116727 
Fig. 12. Dimensionless cumulative load (DCL) curves observed at the monitored PAR CSW for a) TN and b) TP and comparison between the power functions approximating 
the average behaviours assessed for PAR CSW (orange solid lines) and CF CSW (green dashed lines). 
Fig. 13. a) Map of annual volumes discharged by CSWs Type 1 (final CSW of a tributary network) and CSWs Type 2 (overflows from the main collector) and b) map of the 

















ing along the main collector (e.g., the PAR CSW or the overflows 
rom the pumping stations), were clustered as Type 2 overflows. 
Overall, during the 10-year period covered by the simulation, 
he CSWs Type 1 discharge amounts on average to 8.44 10 5 
 
3 /year and the CSWs Type 2 amounts to 3.66 10 5 m 3 /year, for
 total of 1.21 10 6 m 3 /year. Considering that the sewage flowing 
owards the WWTP1 from the BSS is on average 5.16 10 6 m 3 /year, 
he volumetric efficiency of the sewer, i.e. the percentage of vol- 
me that reaches the terminal wastewater treatment plant, with 13 espect to the total volume entering the combined sewer system, 
s equal to 81%. 
Fig. 13 reports the spatial distribution of the annual volume dis- 
harged by each CSW (panel a) along the BSS and the frequency 
f CSO events, defined as the ratio between the number of CSO 
vents and the number of rainfall events (panel b). These maps 
re particularly important because they show the location of places 
ere a localised environmental impact can be expected. They also 
how the frequency of these overflows during rainfall events, un- 



























































































































erlining the threat that they pose to the touristic vocation of the 
ake. 
An additional fundamental result of the long-term simulation is 
he average yearly residual load to the lake from the BSS, obtained 
y multiplying the volume discharged by CSWs Type 1 by the EMC 
f nutrients of CF CSW and the volume discharged by CSWs Type 
 by the EMC of nutrients of PAR CSW, obtaining 3445 kg of TP 
nd 21758 kg of TN per year. 
Considering that the BGS has similar characteristics to the BSS 
nd that the population equivalent of the southern part of the BGS 
rained area is similar to the BSS one, it is possible to calculate the 
otal contribution of BSS and BGS by doubling the previous results. 
t is more informative to see these figures in relative terms: con- 
idering a pollution load of 360 0 0 population equivalent and the 
er capita water supply of 250 ∗0.8 L/(p.e.d), by assuming typical 
iterature concentration values for dry weather sewage (tipically in 
he range 6:10 mg/L for TP and 20:40 mg/L for TN), the average 
ercentage of yearly loads discharged into the lake with respect to 
oads produced in the drained area is equal to 13.1%-21.8% for TP 
nd to 20.7%-41.4% for TN. These values are largely dominated by 
he contribution from Type 1 CSW. It is here interesting to observe 
hat these results are much larger than the ones adopted during 
he initial design of the main sewer around the lake, when the 
verall residual P load of CSOs was reckoned at about 3% of the 
verall load to the sewer ( Garibaldi et al., 1997 ). 
In the particular case of Lake Iseo, the computed value of 
bout 70 0 0 kg of overall residual TP from the CSOs of the 2 pe-
ipheral sewers are in the order of 6% of the TP load from the 
uch larger watershed W1 (about 110 tonns/year, measured by an 
uto-analyser and by period sampling at mouth I1 and I2, Fig. 1 , 
f the main tributaries; similar measures for TN are about 2100 
onns/year). From a different perspective, another indication of the 
elevance of the contribution can be provided by a “back of the 
nvelope” evaluation of the admissible P load to the lake, accord- 
ng to the well-known Vollenweider (1975) model (also used in the 
982 OECD eutrophication modeling approach ), who related the 
 load to a mean depth/hydraulic residence time ratio on a plot 
here two reference subjective curves, representing excessive and 
ermissible loading, were represented. Considering that the the- 
retical renewal time of lake Iseo is about 4.3 years, its average 
epth is 130 m and its volume is 7.9 10 9 m 3 , the excessive load
ould correspond to 61 tonns/year and the permissible one would 
orrespond to 30. Accordingly, the residual load from CSOs would 
orrespond to 22% of the overall permissible load. 
In general, a residual TP contribution of 20% can be unbear- 
ble in a lake restoration project, also considering that CSOs are 
rimary sources of microbiological contamination (e.g., Bryan Ellis 
nd Yu, 1995 ) that may hinder bathing in the lake waters and the 
ntegrity of drinking water ( Madoux-Humery et al., 2013 ) if a po- 
ential interaction between the influence areas of CSOs and major 
ouristic areas or water intakes is present. Finally, the strong nutri- 
nt inflow in localized spots along the shore cause an impairment 
f the habitat: Ghirardi et al. (2019) highlighted the presence of 
he peculiar phenomenon of the submerged aquatic vegetation up- 
ooting, that is related to an excessive organic matter accumulation 
n sediments, just in front of the CF CSW, whose overflows signifi- 
antly contribute to the nutrient pollution of this littoral area. 
It is well known that deep lakes will greatly suffer climate 
hange mostly in terms of increased vertical stability of the wa- 
er column, that will hinder the deep ventilation of the hypolim- 
etic waters and will increase their actual water renewal time 
 Pilotti et al., 2014 ). Here we show that a further issue is provided
y the growing inflow of nutrients following the intensification of 
torms. The results of the simulation conducted according to the 
odified rainfall series for the period 2007-2016 yield a 6.5% av- 
rage yearly increase in CSO volumes. This increase is positively 14 orrelated with the natural variability of rainfall events during the 
ear. For instance, during 2016, whose cumulated annual rainfall 
eries is close to the long-term average but is characterized by sin- 
le events more intense than usual, the total discharged volume in- 
reased up to 15% with respect to the average. This process would 
e further enhanced by a possible increase in the imperviousness 
f the urbanized areas. Moreover, an increased load of nutrients re- 
eased in the summer period could also contribute to phytoplank- 
on and cyanobacteria growth. Studies demonstrated that in Lake 
aggiore rainfall stimulates the growth of phytoplankton and the 
evelopment of summer blooms, likely due to a short term in- 
rease in nutrients when epilimnetic waters are usually nutrient 
epleted ( Morabito et al., 2018 ). 
From the operative point of view, the different patterns of the 
CL curves computed at the two monitored CSWs show that first 
ush capture tanks, often expensive and difficult to build, are not 
ecessarily the most suitable structural practice to tackle the prob- 
em posed by CSOs. Conversely, by reducing surface runoff, best 
ractices in the drained watershed are generally an effective way 
o limit not only peak flows but also to curb pollution. The re- 
ults also show that it is fundamental to limit the amount of in- 
ltration waters, by implementing waterproofing practices on the 
xisting network (by pipe monitoring, relining and introduction of 
ap valves on connections between the collector and the lake) and 
y searching for wrong connections and disconnecting runoff pro- 
ucing areas in relatively unpolluted urban environments along the 
ributary watersheds. 
By repeating the 10 year simulation in the theoretical condition 
f negligible infiltration along the pipes network, the volumes dis- 
harged to the lake by the CSWs would decrease by 17%. It is worth 
nderlining that, apart from the dominant environmental external- 
ties, the groundwater infiltration increases management costs due 
o the energy used by the pumping stations to lift the water vol- 
mes. By running the model with and without infiltrations for the 
eriod 2007–2016, we calculated the operating time of each pump 
n both conditions. Knowing the operating times and the nominal 
ower, obtained by using the characteristic curves of each pump, 
he yearly energy absorbed by the pumps in the real case, with 
nd without infiltrations, was computed. By eliminating the infil- 
rations, a yearly average energy saving of 0.34 GWh could be ob- 
ained, that amounts to almost 20% of the overall energy consump- 
ion. 
In addition, the implementation of a different management 
ogic of the pumping stations would provide an appreciable im- 
rovement of the CSO scenario. Actually, a synergetic economic 
nd environmental benefit would be obtained by changing the op- 
rative rule of the final pump station at S1. Since the activation of 
he PAR CSW is governed by the levels in the tank of the outlet 
umping station S1 at Paratico, a possible strategy to improve the 
unctioning of the sewer system would be to lower the startup and 
hutoff depth of the pumps in order to reduce the backwater effect 
n the downstream part of the main sewer. The model was even- 
ually used to test the reduction in annual volumes discharged by 
AR CSW that would be obtained by lowering the tank levels by 
.2 m and 0.8 m. The computed reduction is 36% in the first case 
nd 66% in the second, with a slight increase in overall costs at 
umping station S1 (2% and 5% respectively). 
It is interesting to observe that an improved management of 
he sewer is beneficial, both in economic and environmental terms: 
rom this perspective, the long-term simulation provides the quan- 
ification of the role of infiltrations on the reduction of the con- 
eyance capacity of the system and, as a consequence, on the in- 
rease of the CSO volumes during wet weather. 
Finally, the renewal of the urban environment in relatively un- 
olluted areas must be directed to the introduction of pervious 
aterials, progressively introducing a sponge-city culture, that is a 


















































































































a  undamental step towards the protection of the fragile lake ecosys- 
ems. 
. Conclusion 
In this paper the case of the Italian Lake Iseo was considered 
s an emblematic exemplification of a lake evolving towards eu- 
rophic conditions. The study showed that, although the construc- 
ion of a collector used to intercept and treat the urban sewage is 
 fundamental step to reduce the overall pollutant load discharged 
nto a lake, the effectiveness of this solution in a combined sewer 
ystem is strongly compromised during wet weather periods. This 
s a critical problem of general interest, since the majority of exist- 
ng sewer systems are combined and the separation of storm wa- 
ers and waste waters is often economically and technically un- 
ustainable. Until recently, even in fragile environments such as 
akes, this nutrient source has often been overlooked, mostly due 
o the economic and practical difficulties involved in the systematic 
onitoring of spillways, and to the assumption that the combined 
ewer systems perform according to theoretical assumptions. 
A year-long monitoring campaign on two combined sewer spill- 
ays and its generalization through an extensive simulation over 
 10 year period show that in Lake Iseo the residual contribution 
mounts to about 20% (40%) of the total phosporous (nitrogen) 
oad conveyed by the collector to the final waste water treatment 
lant. The generalization of the results to a “business-as-usual ” cli- 
ate change scenario, obtained by amplifying the most intense 
torms, keeping the cumulative yearly rainfall constant, demon- 
trated that it is reasonable to expect a further 10% increase in the 
omputed volumes with respect to the overall values. In relative 
erms, in the particular case of this lake that drains a watershed 
hat is 30 times larger than its area, these values could seem a mi- 
or contribution, although an extension of this study to the large 
atershed of Valle Camonica would certainly inflate the computed 
alues. In other situations, this residual load can be dominant and 
ontribute to explain the slow recovery of a lake from its eutrophic 
ondition. 
The results evidenced a further and relatively unknown way in 
hich climate change will further challenge lakes. Although un- 
xplored in this paper, similar consequences can be expected as 
 result of the growing urbanization on the watershed hydrology, 
 problem that is often considered only in terms of its effects on 
ood risk. This paper suggests that water quality is the other sub- 
ler (and possibly more difficult to solve) implication of this issue. 
Moreover, the measurements showed the different behaviors of 
ombined sewer spillways located along the tributary sewers and 
long the main collector. Whereas in the first case, the construc- 
ion of water retention ponds would be justified due to the oc- 
urrence of first flush phenomenon, in the latter this intervention 
ould be impaired by the stronger mixing that equalizes the pol- 
utant concentration during rainfall events. The efficiency of flush 
torage tanks placed on the spillways of the main collector is ac- 
ually diminished by the absence of the first flush phenomenon: 
ccordingly, larger storage volumes would be needed to gain a sat- 
sfactory capture efficiency with respect to the possible location in 
he secondary tributary networks. 
This result further underlines the site specific nature of the first 
ush phenomenon, even inside the same drainage network and 
he need to conduct extensive monitoring campaigns of overflows 
n terms of frequency, volume and mass of major pollutants, in 
rder to have reliable estimates of the loads actually discharged 
hrough spillways. Moreover, these considerations emphasize the 
mportance of limiting the residual nutrient loading entering a lake 
y using distributed non-structural practices aimed at diminishing 
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ppendix 1. Quality assurance and quality control of chemical 
ata 
Phosphorus and nitrogen are key nutrients determined in most 
nvironmental monitoring and research programmes and only ac- 
urate analytical data permits valid conclusions to be drawn for 
oad calculations. In order to assure a high quality standard and 
eproducibility of the total phosphorus (TP) and total nitrogen 
TN) concentrations and respective loads along with chemical and 
iological oxygen demand, the sampling protocol, sample han- 
ling and analysis were performed according to standard methods 
 APHA , 2012 ; APAT-IRSA , 2003 ). Since the sampler was not refriger-
ted, the samples were retrieved within 2 to 3 hours after collec- 
ion, immediately transferred into pre labelled, polyethylene bot- 
les and transported within 2 hours in a cool box to the labora- 
ory. In order to avoid cross contamination, all sampling containers 
ere pre washed by soaking them overnight in a 10% HCl solution 
nd then rinsed twice with distilled water. The quality control of 
he analyses was performed by constantly evaluating the perfor- 
ance of the full analytical procedures. All chemicals for reagents 
nd standard preparations met the analytical reagent grade quality. 
Once in laboratory, samples were analysed for TP and TN 
oncentrations using standard spectrophotometric (Perkin Elmer, 
ambda 35) methods after wet alkaline peroxydisulfate oxidation 
f the unfiltered sample ( Valderrama, 1981 ). To do this, known 
olumes of unfiltered and homogenized samples were transferred 
nto glass vials to which a solution of peroxydisulfate digestion 
eagent was added. The samples were then oxidized in an auto- 
lave for 1 hour and after cooling at room temperature (20 °C), 
hey were analysed as soluble reactive phosphorus ( APHA, 2012 
ethod 4500-P Ascorbic Acid Method) and nitrate ( APHA, 2012 
ethod 4500-NO3 Cadmium Reduction Method). The spectropho- 
ometer was regularly calibrated (bimonthly) for dissolved inor- 
anic phosphorus (SRP) and nitrate (NO 3 ), by means of calibration 
urves made of six standard concentrations. Each standard concen- 
ration was prepared in triplicate. Five analytical blanks, that un- 
erwent the same digestion and analytical procedure as the sam- 
les, were always analysed to correct for sample contamination 
ue to sample handling and reagent addition. Verification of the 
nalytical method performance was carried out by analysing, at 
ach sampling event, 3 analytical standards for SRP and nitrate 
O 3 . Standards were chosen approximately near the lower end (25 
nd 100 μg/L for SRP and NO 3 respectively), at the midpoint (100 
nd 10 0 0 μg/L for SRP and NO respectively) and at the highest3 


















































































nd (250 and 30 0 0 μg/L for SRP and NO 3 respectively) of the an-
lytical range. Response factor constancy over time was checked 
nd recovery was between 95-105%. The accuracy of the oxidation 
rocedure and of the calculated TN and TP concentrations were 
hecked by analysing, on each event, three replicate standards of 
rganic phosphorus and nitrogen of known concentration (adeno- 
ine triphosphate solution at 1.2 mg/L). In all samples TP and TN 
oncentrations were significantly greater than the respective assay 
etection limits (20 and 50 μg/L for TP and TN respectively). Pre- 
ision, at the relevant concentration ranges, was estimated as the 
elative standard deviation of 3 replicate analyses of the site water, 
nd was 5% (TP) and 6% (TN). 
Occasionally, samples were also analysed for COD (5 events), 
OD5 (3 events) and total suspended solids TSS (2 events). In order 
o assure reproducibility of the results, sampling and handling pro- 
edures followed the same protocol as previously described. Sam- 
les for chemical oxygen demand (COD) were analysed by titration 
ith ferrous ammonium sulfate after oxidation with chromic and 
ulfuric acids ( APHA, 2012 Method 5220 C), while samples for bi- 
logical oxygen demand (BOD5) were analysed as the change in 
issolved oxygen concentration after a 5 day incubation in a stop- 
ered bottle kept in the dark at 20 °C ( APHA, 2012 Method 5210
). In order to prevent changes in the samples due to microbial ac- 
ivity, all the analysis initiated within 5 hours after the collection 
f the sample. The quality control of COD analyses was performed 
y always running three analytical blanks and three synthetic sam- 
les containing potassium hydrogen phthalate at a concentration of 
.4251 g/L. Response constancy over time was checked and recov- 
ry was above 95%. Precision, at the relevant concentration ranges, 
stimated as the relative standard deviation of 3 replicate analy- 
es of the site water was 12%. The quality control of BOD5 analy- 
es was performed by assuring an oxygen consumption > 2.0 mg/L 
nd an oxygen residual at the end of the incubation > 1.0 mg/L. 
recision, at the relevant concentration ranges, estimated as the 
elative standard deviation of 3 replicate analyses of the site wa- 
er was 8.3%. Oxygen concentration was measured with an opti- 
al oxygen probe connected to a FireSting meter (Pyroscience) cal- 
brated at 0 and 100% oxygen saturation according to manufac- 
urer instructions. Total suspended solids (TSS) were determined 
y weight, as the dry mass of total solids retained after filtration 
nd drying at 105 °C of a well-mixed, measured volume of a water 
ample through a pre weighed 0.4 um membrane filter (Whatman 
M) ( APAT-IRSA, 2003 ). The weight was measured with an analyt- 
cal balance capable of weighing 0.1 mg and regularly calibrated 
sing reference standard weights. 
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